INTRODUCTION
Photocatalytic hydrogen evolution from water is a promising technology to transfer solar energy into hydrogen energy with high-energy capacity and zero-emission features. Since the pioneering research of Honda and Fujishima, there has been much work on the development of semiconductors that enable efficient photocatalytic water splitting (Fujishima and Honda, 1972; Chen et al., 2017a; Ding et al., 2016; Ong et al., 2016) . Organic photocatalysts for photocatalytic hydrogen evolution have received tremendous attention in the past several years (Ong et al., 2016; Vyas et al., 2016; Zhang et al., 2016; Fu et al., 2018; Wang et al., 2018a Wang et al., , 2018b Yang et al., 2018; Lan et al., 2018; Ou et al., 2018) because of their unique feature of tunable electronic properties via molecular engineering . The energy levels, absorption spectrum, and carrier mobility/type of organic photocatalysts can be easily tuned to realize efficient water reduction/oxidation. Consequently, various polymers with tailor-made chemical structures have been extensively studied. For example, g-C 3 N 4 Lau et al., 2016) , porous conjugated polymers Li et al., 2016a; Wang et al., 2017) , covalent conjugated polymers Pachfule et al., 2018) , and linear conjugated polymers Li et al., 2016b; Kosco et al., 2018) have been widely developed as organic photocatalysts for hydrogen evolution and have shown promising photocatalytic activity over the past few years. Moreover, through multiple modification strategies, including doping (Liu et al., 2010; Ran et al., 2015) , hybridization (Du et al., 2012; Chen et al., 2017b; , and copolymerization (Zhang et al., 2010) on organic photocatalysts, highly efficient hydrogen evolution can be realized. In addition, suitable metal co-catalysts have been used to lower the redox overpotential and improve charge transfer and separation, which has greatly improved the photocatalytic performance of organic photocatalysts .
To achieve high-performance hydrogen evolution, it is required that organic photocatalysts with strong light-harvesting capabilities and suitable energy levels be designed (Ong et al., 2016; Vyas et al., 2016; Zhang et al., 2016; Fu et al., 2018; Wang et al., 2018c; Yang et al., 2018) . Furthermore, because of the short exciton diffusion length (Peumans et al., 2004) and low mobility of organic materials, the powder size of organic photocatalysts dispersed in water must be small to provide shorter distances for the separated charges emigrating to the edges of the organic photocatalysts, thus reducing the recombination inside the organic photocatalysts. Moreover, strong interactions between organic photocatalysts and metal co-catalysts are also encouraged to improve charge separation (Lau et al., 2016) . However, it is challenging to realize all these characteristics because most reported organic materials/conjugated polymer-based photocatalysts sharing hydrophobic alkyl side chains show poor water dispersion (Li et al., 2016b) and lack binding points with metal co-catalysts.
Hydrophilic conjugated polymers share both semiconductive conjugated backbones and hydrophilic side chains (Duan et al., 2013; Chueh et al., 2015; Cui and Bazan, 2018) . The hydrophilic side chains impart polymers with excellent dispersity/solubility in polar solvents and water, enabling the application of such polymers in biosensing and imaging applications (Traina et al., 2011) . Moreover, hydrophilic side chains can robustly interact with metal substrates, resulting in well-modified metal surfaces that promote optoelectronic device performance (Duan et al., 2013; Chueh et al., 2015; Cui and Bazan, 2018) . The advantages of hydrophilic conjugated polymers are identical to the requirements of organic photocatalysts for hydrogen evolution. However, despite the above-mentioned multiple potential advantages, hydrophilic conjugated polymers for highly efficient hydrogen evolution have rarely been reported.
Herein, we demonstrate a highly efficient strategy to boost the photocatalytic hydrogen evolution of conjugated polymers by functionalizing conjugated backbones with hydrophilic oligo (ethylene glycol) monomethyl ether (OEG) side chains. With rational chemical design, benzodithiophene and difluorobenzothiadiazole moieties were copolymerized to yield conjugated polymeric backbones with a wide absorption spectrum of 300-720 nm. Moreover, hydrophilic tetra-and hepta-(ethylene glycol) monomethyl ether side chains were employed to modify the conjugated polymer backbones (PBDTBT-4EO/PBDTBT-7EO, Figure 1A ), resulting in outstanding dispersion of conjugated polymers in water and high photocatalytic activity for hydrogen evolution. Compared with an alkyl-functionalized polymer (PBDTBT-C6C10, Figure 1A) , the OEG side-chain-functionalized conjugated polymers exhibited a 90-fold improvement in hydrogen evolution rate, reaching to 40 mmol h À1 . The OEG side chains interact robustly with Pt co-catalysts, resulting in better charge transfer from the conjugated polymers to the co-catalysts. The photocurrent response and electrochemical impedance spectroscopy results showed that OEG side chains improved the charge separation efficiency of the conjugated polymers when in contact with water. The Mott-Schottky plots and density functional theory (DFT) calculations revealed that the OEG side chains in conjugated polymers can adsorb H + in water, resulting in lower energy bands of PBDTBT-4EO/-7EO film on the surface when in contact with water. This is the first report of conjugated polymers with hydrophilic side chains strongly interacting with water and improving charge separation, which paves the way for the development of hydrophilic conjugated polymers for highly efficient hydrogen evolution from water.
RESULTS AND DISCUSSION
Conjugated polymers with OEG side chains (PBDTBT-4EO and PBDTBT-7EO, Figure 1A ) were synthesized using Stille polymerization from OEG-functionalized benzodithiophene monomers and difluorobenzothiadiazole monomer (BT). For comparison, PBDTBT-C6C10 ( Figure 1A ) with alkyl side chains was also prepared. The synthetic details of these polymers can be found in the Transparent Methods section in Supplemental Information, and the chemical structures of these conjugated polymers were confirmed by 1 H NMR, 13 C NMR ( Figure S1 ), and Fourier transform infrared spectroscopy ( Figure S2 ). The average molecular weights of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO were estimated to be 20.1, 26.4, and 29.6 kDa, respectively. The poly(benzodithiophene-alt-difluorobenzthiadiazole) (PBDTBT) backbones possess multiple advantages for hydrogen evolution. First, the PBDTBT backbones show wide absorption spectra covering the visible range, which may drive efficient hydrogen evolution in visible light. Second, the nitrogen atoms in the BT units present a low hydrogen binding free energy (DG H ) of about 0.632 eV ( Figure S3 ), indicating the potential high-performance photocatalytic hydrogen evolution of PBDTBT . The side chain alternation on the conjugated polymers could further endow these polymers with different properties. Compared with PBDTBT-C6C10, which possesses hydrophobic side chains, PBDTBT-4EO and PBDTBT-7EO with OEG side chains exhibit much better dispersity in water because of the hydrogen bonding between the OEG side chains and water (Traina et al., 2011) .
The absorption spectra of these conjugated polymers were investigated using UV-vis absorption spectroscopy. As shown in Figure 1B , the absorption spectra of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO cover the absorption range from 300 to 720 nm, implying excellent utilization of sunlight, especially in the visible range. PBDTBT-7EO exhibits a slightly broadened thin-film absorption spectrum in the wavelength from 680 to 750 nm than that of PBDTBT-C6C10, implying the formation of larger aggregation and better crystallinity (Chang et al., 2014) , which can be evidenced by their X-ray powder diffraction (XRD) results (Figure S4) . The optical band gaps of these polymers were calculated to be 1.71, 1.72, and 1.72 eV, respectively. The energy levels of these polymers were investigated using cyclic voltammetry analysis, and the results are presented in Figures 1C and S5 . The highest occupied molecular orbit (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of PBDTBT-C6C10 were calculated to be À5.41 and À3.36 eV, respectively. The HOMO energy levels of PBDTBT-4EO and PBDTBT-7EO were slightly up-shifted to about À5.29 and À5.27 eV, respectively, which can be attributed to the electron-donating effect of the OEG side chains. The LUMO energy levels were calculated to be À3.38 and À3.39 eV, respectively, similar to the level in PBDTBT-C6C10.
To examine the hydrophilic properties of PBDTBT-4EO/-7EO, we tested the water contact angles of these polymers as thin films. The water contact angles of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO were 101.2 , 33.9 , and 27.5 , respectively ( Figure S6 ), indicating that the OEG side chains can effectively improve the hydrophilic properties of conjugated polymers. It has been shown that improved wettability of conjugated polymers will lead to better dispersity of conjugated polymers and better photocatalytic performance (Vyas et al., 2016) . The much-reduced water contact angles of PBDTBT-4EO and PBDTBT-7EO indicates that the hydrophilic OEG side chains resulted in better interface wettability with water and balanced the short exciton diffusion length of the conjugated polymers by providing shorter paths for separated charges emigrating to the edges of the polymers, which is highly desirable for hydrogen evolution.
The transmission electron microscopy (TEM) images (Figures 2A-2C ) of the dispersed conjugated polymers in water showed that these polymers can be dispersed well in water forming small-sized nanoparticles. Compared with PBDTBT-C6C10, which form small aggregates with average size and distribution of 24.1 G 5.1 nm ( Figure S7 ), PBDTBT-4EO and PBDTBT-7EO can form even smaller aggregates in water. Especially, PBDTBT-7EO showed the smallest aggregates and best dispersity in water with average size and distribution of 5.9 G 1.1 nm ( Figure S7 ). The much smaller size of PBDTBT-7EO aggregates will provide much more surface area for co-catalysts loading and shorter distances for the separated charges emigrating to the edges of the organic photocatalysts, both of which are highly desired for improving photocatalytic hydrogen evolution. The XRD analysis ( Figure S4 ) of conjugated polymer powders indicates that the OEG functionalized polymers possess a p-p stacking distance closer than that of PBDTBT-C6C10. The closer stacking distance of OEG functionalized polymers could facilitate charge transporting along the conjugated backbones, which can reduce the charge recombination inside polymers and potentially improve photocatalytic activity. X-ray photoelectron spectroscopy (XPS) was used to analyze the interaction between these polymers and Pt co-catalysts. We used thin Pt sheets instead of Pt nanoparticles, upon which thin layers of conjugated polymers ($3 nm) were spin coated. It can be observed that a weak O1s peak corresponding to the O-Pt interaction at 529.6 eV (Rajumon et al., 1998) occurred in PBDTBT-C6C10 ( Figure 2D ). However, this signal became much more pronounced in PBDTBT-4EO and PBDTBT-7EO films ( Figures 2E and 2F ), indicating much stronger interactions between PBDTBT-4EO/-7EO and the Pt sheets. Thus, it can be easily deduced that the OEG side chains provide more intimate contact between conjugated polymers and Pt cocatalysts, resulting in better charge transfer (Li et al., 2017) .
The photocatalytic hydrogen evolution of these polymers was evaluated using ascorbic acid (AA) as a scarifying agent and Pt (3 wt% of the polymers) as co-catalyst. These polymers were dispersed in water and ultrasonicated for 1 h before testing. The volumes of generated hydrogen as a function of time are presented in Figures 3A and 3B . It can be observed that hydrogen production increases linearly with increasing time. The hydrogen evolution rate (HER) of PBDTBT-C6C10 was calculated to be 0.45 mmol h À1 from the plot of produced H 2 as a function of time. Surprisingly, PBDTBT-4EO with OEG side chains showed enhanced photocatalytic performance with a HER of 18.03 mmol h À1 . The much-improved photocatalytic performance in PBDTBT-4EO indicates that the side chains of conjugated polymers play a key role in the photocatalytic process. Moreover, the HER of PBDTBT-7EO was further enhanced to 39.75 mmol h À1 compared with that of PBDTBT-4EO (a 90-fold enhancement), indicating that the longer hydrophilic side chains enable higher utilization of the conjugated polymers and higher photocatalytic activity. For comparison, PBDTBT without side chains were also prepared and tested. PBDTBT showed a lower HER of 5.2 mmol h À1 ( Figure S8 ), which is much lower than that of PBDTBT-4EO and PBDTBT-7EO. Note that this performance is among the best of conjugated polymer-based photocatalysts (Tables S1 and S2). The photocatalytic activities of PBDTBT-7EO in different spectra were also investigated ( Figure 3B ). With an AM1.5 spectrum illumination, a HER of 34.5 mmol h À1 was obtained, whereas a HER of 32.0 mmol h À1 was achieved for testing with a 420-nm filter cut-off. The apparent quantum yield (AQY) as a function of light wavelength was also collected. As shown in Figure 3C , at 380, 420, 450, 550, 600, 650, and 700 nm, PBDTBT-7EO rendered AQY values of 0.18%, 0.13%, 0.14%, 0.25%, 0.30%, 0.24%, and 0.09%, respectively, indicating a broad photoresponse of PBDTBT-7EO for photocatalysis. The photocatalytic stability of OEG functionalized conjugated polymers was also tested (Figures S9 and S10). With illumination over 44 h (seven runs), PBDTBT-4EO delivered a HER of around 16.4 mmol h À1 , which is 90% of the initial HER of PBDTBT-4EO ( Figure S9 ). Photoluminescence (PL) spectra of these polymers as thin films with/without Pt co-catalysts were obtained to investigate the charge transfer efficiency between conjugated polymer and Pt co-catalysts. It has been reported that modifying the energy communication between photocatalysts and co-catalysts can enhance the charge transfer from photocatalysts to co-catalysts and improve the photocatalytic performance (Li et al., 2017) . In our case, the OEG side chains efficiently enhanced the interaction between the conjugated polymers and the Pt co-catalysts, resulting in improved charge transfer and better photocatalytic performance. As shown in Figure 3D , the PL spectra of these polymers were apparently quenched. For PBDTBT-4EO and PBDTBT-7EO, the PL quenching efficiency was higher than that of PBDTBT-C6C10 with Pt co-catalysts, indicating more efficient charge transfer from PBDTBT-4EO/-7EO to the Pt co-catalysts.
The photocurrent responses of these polymers as thin films were measured to further explore their electronic properties. The polymers were coated onto indium tin oxide electrodes and tested with no voltage or À0.2 V applied. As shown in Figure 4A , with no voltage applied, the PBDTBT-4EO/PBDTBT-7EO films showed apparently enhanced (about five times) current density responses compared with the PBDTBT-C6C10 film. A similar phenomenon was observed when À0.2 V (vs. Ag/AgCl) was applied to these films ( Figure 4B ), indicating that photo-excited charge carriers inside PBDTBT-4EO/-7EO are more strongly promoted than those in PBDTBT-C6C10 (Wang et al., 2018c) . Electrochemical impedance spectroscopy (EIS) was also performed, and the semicircular Nyquist plots of these polymers are shown in Figure 4C . The Nyquist plot diameters of PBDTBT-4EO/-7EO are much less than that of PBDTBT-C6C10. In particular, the Nyquist plot diameters decreased with increasing length of the OEG side chains, indicating that the OEG side chains greatly improved the charge transfer properties in the polymer/water interface, which is beneficial for improved photo-excited charge separation (Zhang and Wang, 2014; Dutta and Ouyang, 2015) .
The Mott-Schottky plots of these polymer films are shown in Figures 4D, S11 , and S12. The positive slopes of the linear plots of these polymers imply the n-type characteristics of these polymers. The flat-band potentials (E fb ) of these polymers were then determined (details are shown in Supplemental Information) from the linear plots by intercepting with voltage axis. The E fb values of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO were derived to be À1.14, À0.62, and À0.57 V vs. Ag/AgCl, respectively, indicating that the E fb values of PBDTBT-4EO/-7EO were much more positive than those of PBDTBT-C6C10, even though these three polymers possess same backbones. It should be noted that the E fb values of PBDTBT-4EO/-7EO were very close to the redox potential of the electrolyte (À0.60 V vs. Ag/AgCl for 0.1 M Na 2 SO 4 ). The obvious change in E fb values in these polymers implied stronger interactions between PBDTBT-4EO/-7EO and water. Generally, E fb indicates the energy band position (approximately equal to the Fermi level [E F ] [Li et al., 2016c] ) of the semiconductor regarding to the redox potentials of the electroactive species in the electrolyte. Here, the changed E fb values in the PBDTBT-4EO/-7EO films indicate that the E F values of PBDTBT-4EO/-7EO down-shifted when in contact with water. Considering that the only difference in these polymers was their side chains, it can be deduced that the OEG side chains and their interaction with water were the determining factors that led to such an E F shift.
Before studying the interaction between these polymers and water, we first conducted UV photoelectron spectroscopy (UPS) to determine the pristine relative E F and ionization potentials (IPs) of these polymers. As shown in Figure S13 , from the high binding-energy onsets, the E F values of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO were determined to be 3.88, 3.82, and 3.74 eV, respectively. The IPs of PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO were 5.59, 5.53, and 5.43 eV, determined from their low binding-energy onsets of UPS spectra. The band gaps calculated from IP and E F are 1.71, 1.71, and 1.69 eV for PBDTBT-C6C10, PBDTBT-4EO, and PBDTBT-7EO, respectively, values that are very close to their band gaps obtained from UV-vis absorption spectra. These results indicated that OEG side chains had a limited effect on the E F values and energy levels of the pristine conjugated polymers. However, after coming into contact with water, the estimated E F values in the surfaces of the PBDTBT-4EO and PBDTBT-7EO films down-shifted greatly in comparison with that of the PBDTBT-C6C10 film ( Figure S14 ), approaching the redox potential of the electrolyte. These results indicate that OEG side chains interacted with water more strongly than the -C6C10 side chains. More specifically, the oxygen atom in OEG side chains acted as a medium to improve the interface contact of the conjugated backbones with water, resulting in large changes in the energy levels of the conjugated polymers .
Heteroatoms in conjugated polymers are regarded as active sites that can interact with proton and catalyze hydrogen evolution reaction Pei et al., 2017) . To examine the effect of OEG side chains for free H + binding, the model oligomers with two -C 10 H 21 and tri-(ethylene glycol) monomethyl ether side chains (BDTBT-C 10 H 21 and BDTBT-3EO) were submitted for DFT calculations at the level of B3LYP-D3(BJ)/def2-TZVP (Goerigk and Grimme, 2011). The optimized geometries of BDTBT-C 10 H 21 and BDTBT-3EO are presented in Figures 5A and 5B . The binding energy between the side chains and H + was carefully examined by scanning the contact distance for H + at different oxygen sites on the side chains of BDTBT-C 10 H 21 and BDTBT-3EO. As shown in Figure S15 , the optimized minimum contact distances were around 1 Å , and thus the minimum binding energy was obtained. As shown in Table 1 , the minimum binding energy between the O 1 site (in BDTBT-C 10 H 21 ) and H + was calculated to be À8.568 eV, whereas those between the O 3 0 , O 2 0 , and O 1 0 sites (in BDTBT-3EO) and H + were calculated to be À8.164, À8.202, and À8.426 eV in gradient, respectively, suggesting that the OEG side chains act more like H + transport channels, enabling closer contact between H + and the conjugated backbones. Moreover, the minimum binding energies at N 1 and N 1 0 of the backbone were much lower (À9.531 and À9.500eV) than those at the oxygen site, indicating that the N atoms are potential active sites for final H + reduction . These results indicate that the OEG side chains provide many more adsorption sites for H + loading, which could potentially accelerate the photocatalytic progress.
To further investigate the effect of H + adsorption on the energy levels of these conjugated polymers, we calculated the densities of state (DOS) of BDTBT-C 10 H 21 and BDTBT-3EO with H + adsorbed at the oxygen and nitrogen sites. As shown in Figures 5C, 5D , and S16, the calculated DOS indicate that the total energy levels can be efficiently lowered, with H + adsorbed both in oxygen and nitrogen sites. For BDTBT-C 10 H 21 , the calculated LUMO and HOMO decreased from À3.04 and À5.32 eV to À7.10 and À7.79 eV, respectively, when the H + adsorbed in N 1 . Similar observations were found for BDTBT-3EO. Surprisingly, BDT-3EO with adsorbed H + in the OEG chains also showed lower total energy levels (with smaller magnitudes, Table 1 ), indicating that the adsorbed H + can significantly lower the energy levels of conjugated polymers.
The much-lowered energy levels of the conjugated polymers with adsorbed H + is consistent with the observation of the E fb changes in PBDTBT-4EO/-7EO. In PBDTBT-C6C10, the hydrophobic alkyl side chain hindered the transport of H + approaching the conjugated backbones, leading to a negligible energy level shift in PBDTBT-C6C10 films when in contact with water ( Figure S17 ). However, in PBDTBT-4EO/7EO, the hydrophilic OEG side chains can adsorb H + , resulting in intimate contact between H + and the conjugated backbones and apparently down-shifted energy levels ( Figure S17 ). The lowered energy bands on the surface of PBDTBT-4EO/-7EO led to a cascade energy distribution inside PBDTBT-4EO/-7EO, significantly improving charge separation, as also demonstrated by the photocurrent and EIS results. The improved charge separation thus promotes photocatalytic performance of PBDTBT-4EO/-7EO successfully.
In summary, we have presented hydrophilic side-chain-functionalized conjugated polymers for successful application as organic photocatalysts for hydrogen evolution. The OEG side-chain-functionalized conjugated polymers can render a 90-fold improvement in photocatalytic performance over that of alkyl-functionalized conjugated polymers. The OEG side chains interacted robustly with the Pt co-catalysts, resulting in better charge transfer from the polymer to the Pt co-catalysts. Moreover, our findings indicate that the OEG side chains can adsorb H + in water, resulting in lowered Fermi level of PBDTBT-4EO/-7EO in the surface in contact with water, which was evidenced by down-shifted E fb of PBDTBT-4EO/-7EO in the polymer/ water interface. As a result, the OEG-functionalized conjugated polymers showed improved charge transfer and separation efficiency and resulted in a much higher photocatalytic performance. Our results show that rational side chain engineering can significantly improve the photocatalytic performance of conjugated polymers, facilitating the novel design of organic photocatalysts with highly efficient hydrogen evolution.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Limitations of Study
In our study, the longer OEG side chains of conjugated polymer enable better dispersion in water and improve the photocatalytic activity. We believe that further optimizing the length of OEG side chains may further enhance the photocatalytic activity of conjugated polymers. However, the relationships between the length of OEG side chains and the HER performance have not been fully studied. More investigation on the optimization of side chains is needed to further improve the HER of conjugated polymers. Figure S10 . FT-IR spectra of PBDTBT-4EO before and after 44h reaction, related to Figure   3 . The FT-IR spectrum of PBDTBT-4EO after reaction is a mixture of the spectra from AA and PBDTBT-4EO, indicating that chemical structure of PBDTBT-4EO 44h reaction is stable. 0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1 2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1 
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Transparent Methods
Scheme S1 Synthetic procedures of conjugated polymers, related to Figure 1 .
Materials: M1 was purchased from Suna Tech Inc., and used after recrystallization from ethanol. 5,6-difluoro-4,7-diiodobenzo[c] [1, 2, 5] thiadiazole was synthesized according to the published reference (Wang et al., 2013) .
PBDTBT-C6C10: PBDTBT-C6C10 was synthesized from M1 and M2 using Stille polymerization in chlorobenzene (CB) in the existence of Pd2(dba)3 and tri(otolyl)phosphine (P(o-tol)3). M1 (99.8 mg, 0.1 mmol) and 5,6-difluoro-4,7diiodobenzo[c][1,2,5]thiadiazole ( 42.4 mg, 0.1 mmol) were placed in a roundbottomed flask, then CB (1.0 mL) was added. The mixture was then degassed for three times to remove the oxygen. Then Pd2(dba)3 (1.0 mg) and P(o-tol)3 (2.0 mg) were added, and the mixture was degassed once again and then heated to 140°C for 12 h to get the polymer. The polymer solution was then precipitated into methanol and the solid was collected and dried. Then, the polymer was extracted using Soxhlet extraction from acetone, hexane and chloroform. The chloroform fraction was then concentrated and precipitated into methanol again. The deep blue solid was collected and dried to yield the polymer PBDTBT-C6C10. Yield (73 mg, 87%) 1 H-NMR (500MHz, CDCl3, δ ppm): 9.10-7.60 (m, 2H), 4.85-3.15 (m, 6H), 2.50-0.65(m, 60H). GPC (THF), Mn=20.6 kDa, Ð=1.21.
M2: M2 was synthesized according to the reported procedure in reference (Nielsen et al., 2016 27, 131.84, 130.29, 126.19, 120.52, 72.81, 71.92, 70.83, 70.68, 70.66, 70.62, 70.56, 70.50, 70.40, 59. M3: M2 (1.20 g, 2.0mmol) and 20 mL of dry THF was placed in a flask and cooled to -78 °C under the protection of nitrogen. Then, n-BuLi (2 mL, 5.0 mmol, 2.5 M in THF) was slowed added over 10 mins. The reaction was maintained at -78 °C for 1.5 h, then tributylchlorostannane (6 mL, 6.0 mmol, 1.0 M in THF) was added in one portion. The reaction was stirred at -78 °C for 0.5 h and allowed to slowly warm to room temperature overnight. Dichloromethane and water were added, and the organic fraction was collected and washed with water for three times. The organic fraction was concentrated and the crude M3 was purified using a silica gel column chromatography (the silica gel was soaked in trimethylamine and dried before use) with hexane:methanol 140.27, 134.28, 132.94, 128.12, 72.48, 71.93, 70.84, 70.73, 70.68, 70.61, 70.55, 70.52, 59.02, 28.99, 27.26, 13.70, 10.86 27, 131.88, 130.31, 126.23, 120.52, 72.82, 71.91, 70.84, 70.67, 70.60, 70.57, 70.54, 70.48, 70.43, 59. [1, 2, 5] thiadiazole (42.4 mg, 0.1 mmol) were placed were placed in a round-bottomed flask, then CB (0.5 mL) and DMF (0.5 mL) were added. The mixture was then degassed for three times to remove the oxygen. Then Pd2(dba)3 (1.0 mg) and P(o-tol)3 (2.0 mg) were added, and the mixture was degassed once again and then heated to 140°C for 12 h to get the polymer. The polymer solution was then precipitated into acetone and the solid was collected and dried. Then, the polymer was extracted using Soxhlet extraction from acetone, hexane, and chloroform. The chloroform fraction was then concentrated and precipitated into acetone again. The deep blue solid was collected and dried to yield the polymer PBDTBT-4EO. Yield (70 mg, 91%) 1 H-NMR (500MHz, CDCl3, δ ppm): 8.70-7.60 (m, 2H), 4.90-3.10 (m, 38H). GPC (THF), Mn=26.5kDa, Ð=1.57.
PBDTBT-7EO: PBDTBT-7EO was synthesized using the same procedure with that of PBDTBT-4EO. Yield (89 mg, 86%) 1 H-NMR (500MHz, CDCl3, δ ppm): 8. 75-7.80 (m, 2H),4.85-3.25 (m,38H) . GPC (THF), Mn=29.6kDa, Ð=3.85.
Characterization: 1 H NMR and 13 C NMR spectra of the monomers and polymers were recorded on a Bruker AV-600 spectrometer with CDCl3 as solvent. Molecular weights of polymers were determined by a Waters GPC 2410 with a refractive index (RI) detector and using a calibration curve with polystyrene standards where THF was used as mobile phase. UV-vis spectra of the polymers were collected on a HP 8453 spectrophotometer. For the solution absorption, the polymers were dissolved into CHCl3 with a concentration of 0.02 mg mL -1 . Samples for film absorption of these polymers were prepared by spin-coating their solutions (10 mg mL -1 ) into quartz glasses. Photoluminescence (PL) spectra were measured using a Jobin-Yvon spectrofluorometer. Cyclic Voltammetry (CV) measurements were conducted in a CHI660E elctrochemical work-stastation where a glassy carbon electrode was used as working electrode. An Ag/AgCl electrode was used as reference electrode and a Pt wire was used as counter electrode. The measurements were conducted in anhydrous acetontrile with tetrabutylammonium hexafluorophosphate (Bu4NPF6, 0.1 M) as supporting electrolyte under argon atmosphere. The scan rate is 0.05 V/s. The potential of the Ag/AgCl electrode was calibrated using the ferrocene/ferrocenium (Fc/Fc + ), which delivered a reduction potential of -4.8 eV. X-ray photoelectronic spectroscopy (XPS) was measured on a Thermo Electron ESCALAB 250 spectrometer equipped with a monochromatic Al X-ray source (1486.6 eV). Water contact angle measurements were performed on a VCA15 surface contact angle analyzer (Dataphysics). UPS measurements were performed on the Thermo ESCALAB 250XI. The Valance band (VB) spectra were measured with a monochromatic He I light source (21.2 eV) and a VG Scienta R4000 analyzer. A sample bias of -5 V was applied to observe the secondary electron cutoff. The FT-IR spectra of these polymers were obtained from VERTEX 70(Bruker). X-ray powder diffraction of these polymers in powder state was performed on Bruker D8 ADVANCE. The high resolution transmission electron microscope (HR-TEM) images of the dispersed polmers was obtained from TF20, Joel 2100F Microscope.
Electrochemical Analysis. The electrochemical experiments were conducted with a CHI660E Electrochemical System in a three electrode cell with a Pt sheet as the counter electrode and an Ag/AgCl electrode (3 M KCl) as the reference electrode. The working electrodes were prepared by coating polymers (10 mg mL -1 in CHCl3) onto ITO glasses with thicknesses about 300 nm. The active area is confined to 0.50 cm 2 . A 0.1 M Na2SO4 aqueous solution (pH = 6.8) was chosen as the supporting electrolyte and was purged with nitrogen for 30 min to remove O2 before any measurements. The working electrodes for photocurrent test were illuminated with a solar simulator (300-W Xe light source, λ > 300 nm). For Mott-Schottky plots, the EFB was extracted from Mott-Schottky equation: . According to this Equation, a straight tangent line can be drawn by using a plot of 1/C 2 vs E, and EFB can be determined by the intercept of the straight line with E axis.
Photocatalytic hydrogen evolution: The hydrogen evolution measurements were performed on a Labsolar-IIIAG photocatalytic system (PerfectLight) equipped with a 50-mL reactor. For the photocatalytic experiment, polymers (2.5 mg) were firstly dissolved in 250 μL of THF and then dispersed into a mixture of 50 mL of AA solution (0.2 M, pH = 4.0 adjusted by NaOH aq.). The total concentration of the polymers for photocatalytic measurement in reaction solution was 50 μg/mL. The reaction was held in a vacuum for 30 min to remove the dissolved oxygen and THF, followed by ultrasonication for 1 h.
The photocatalytic experiments were then degassed again and illuminated with a solar simulator (300-W Xe light source, λ > 300 nm). Pt co-catalysts were prepared by dissolving H2PtCl4 into the polymer solution with irradiation for 1 h, which enables the formation of Pt nanoparticles . The calculated weight of Pt cocatalysts is 3% of that of each polymer. The luminous power reaching the surface of the reaction solution was calibrated to be 162.4 mW cm -2 by a power meter. The produced gas was analysed by a GC7900 gas chromatograph. Hydrogen was detected with a thermal conductivity detector, referencing against standard gas with a known concentration of hydrogen. The AQY was measured at selected wavelengths enabled by different band pass filters (CELQD, 380, 420, 450, 550, 600, 650 and 700 nm) . The AQY at a given wavelength was calculated from the following equations:
No=(EλT%)/hc; N=(V×6.02×10 23 )/(22.4t);AQY=2N/No
No represents the number of incident photons, N represents the number of collected H2 molecules, E represents the energy of incident light at a given wavelength, determined by a calibrated power meter, λ represents the wavelength of incident light, V represents the volume of H2 molecules detected in a fixed time (t), determined by GC, T% represents the transmittance of the quartz cell.
